Insects lack an acquired immunity and have an innate immune system. This system is highly developed and comprises cellular and humoral components ([@iev038-B19]). Lysozymes (E.C. 3.2.1.17), 1, 4-*N*-acetylmuramidases, are of the humoral immune system components with which insects respond to bacterial invasion through its lytic activity. It hydrolyzes the β-1,4-glycosidic linkage between the alternating linked residues of *N*-acetylmuramic acid (MurNAc) and *N*-acetylglucosamine (GlcNAc) of peptidoglycan (PGN), the major bacterial cell wall polymer, resulting in its depolymerization ([@iev038-B62]). Several classes of lysozymes have been identified and their biochemical properties vary between species; the best known one is the c-type (chicken-type or GH22). Lysozyme generally exhibits greater bactericidal lytic activity against Gram-positive bacteria ([@iev038-B28]). However, some other insect lysozymes were reported to have moderate activities against Gram-negative bacteria ([@iev038-B10]). Some insect lysozymes also exhibits antifungal activity by hydrolyzing the β-1,4-linkages of chitooligosaccharides in the fungal cell wall ([@iev038-B17]). On the other hand, some c-type lysozymes have been evolutionarily adapted to digestive functions and are found in the midgut of larval cyclorrhaphans that live in highly contaminated decomposing matter ([@iev038-B55], [@iev038-B9]). To our knowledge, few works have been performed on the lysozymes of hemimetabolous insects as opposed to well-studied holometabolous ones, e.g. the lepidoptrans *Spodoptera littoralis* ([@iev038-B27]), *Hyalophora cecropia* ([@iev038-B21], [@iev038-B15]), *Manduca sexta* ([@iev038-B45]), *Bombyx mori* ([@iev038-B52], [@iev038-B1]), *Trichoplusia ni* ([@iev038-B29]), *Heliothis virescens* ([@iev038-B41]), *Hyphantria cunea* ([@iev038-B29]), *Antheraea mylitta* ([@iev038-B22]), *Samia cynthia ricini* ([@iev038-B18]), *S. litura* ([@iev038-B31]), *Artogeia rapae* ([@iev038-B67]), *Ostrinia furnacalis* ([@iev038-B66]), and *Spodopterafrugiperda* ([@iev038-B10]).

The desert locust, *Schistocerca gregaria* (Forskål), and possibly other hemimetabolous insects, differ in biological and developmental aspects from holometabolous insects, and therefore, different defense mechanisms against pathogens are expected. Recently, in order to understand the defense mechanisms of the hemimetabolous insect, *S. gregaria* against pathogens, we have shown that the activation and biosynthesis of hemolymph lysozyme is following the mechanism associated with the recognition of invading pathogen through pathogens elicitor molecules, and not the regulatory mechanism associated with epidermis wounding and disintegration or even the spiking effect ([@iev038-B42]). However, basic knowledge of biochemical and antimicrobial properties of this enzyme in the isolated form is still lacking. Understanding of the insect immune defenses may ultimately contribute to wider utilization and development of bio-pesticides for this insect when invading crops area.

The present work aimed to isolate, and biochemically characterize the protein that displayed the mentioned lysozyme activity, for the first time, from the plasma of *S. gregaria*. The assessment of its enzymatic and nonenzymatic microbicidal activities against various Gram-positive and Gram-negative bacteria, yeasts, and filamentous fungi was accomplished.

Materials and Methods
=====================

### Insect Rearing, Immunization, and Sample Collection

The fifth instar *S. gregaria* were from a well-established laboratory colony at the Entomology Department, Faculty of Science, Cairo University. Immune-induced lysozymes were prepared as described previously ([@iev038-B42]). Briefly, immune-challenging was accomplished by spicking 5--7-d-old fifth instar in the intersegmental membrane between the meta-thorax and first abdominal segment with a thin needle previously dipped into a concentrated pellet (2 × 10^8^ cells/ml) of *Escherichiacoli*. Plasma was separated and collected 6 h postchallenge by centrifugation of hemolymph at 8,000 × *g* for 5 min at 4°C and stored at −20°C until used for protein isolation. In total 40 ml of plasma, corresponding to ∼392 mg of proteins, were collected from ∼320 individuals.

### Protein Salting Out and Ion-Exchange and Size-Exclusion Chromatography

The plasma, 40 ml, was diluted (1: 1, v/v) with 0.05 M Na-acetate buffer (SAB), pH 6.5. The proteins in the mixture were fractionated with (NH~4~)~2~SO~4~ (Merck) at 60% saturation level ([@iev038-B58]). The mixture was stirred for 2 h, and left overnight at 4°C to produce the precipitate. The precipitate was separated by centrifugation at 10,000 rpm for 10 min at 4°C, dissolved in a minimal volume of 0.05 M Na-acetate, and subsequently dialyzed, in VISKING dialysis tubing (SERVA Electrophoresis GmbH, Heidelberg, Germany) (MWCO 12000-14000; pore diameter ∼25 Å). After dialysis, the solution inside the bag was concentrated by freeze-drying. On the obtained fraction-soluble proteins, ion-exchange chromatography was carried out ([@iev038-B69]) with modifications.

The lyophilized pellet was dissolved in 25 ml of 0.5 M Na-acetate buffer, pH 6.5 and applied onto a column (20 × 2 cm) of CM-Sepharose Fast Flow ion-exchange resin (Sigma-Aldrich) equilibrated with the same buffer. The column was washed with two volumes of the starting buffer until complete removal of a substance with absorption at 280 nm (baseline achieved). The protein bound to the cation-exchanger was eluted with a gradient of 200 ml 0.5--3.0 M Na-acetate buffer (pH 6.5) at a flow rate of 1 ml/min. Eluted fractions (4.5 ml each) were collected and their lytic activity was measured by the radial diffusion assay against *Micrococcus* *lysodeikticus*. The fractions showing lytic activity were pooled, lyophilized, and dialyzed against double distilled water, pH 7.0, to remove Na-acetate (designated as *Sg*l), and stored at −20°C until further used. The total protein concentration of plasma or collected fractions was determined spectrophotometrically at 595 nm ([@iev038-B8]). Bovine serum albumin (BSA) fraction V (Sigma-Aldrich) was used as a protein standard.

Molecular weight of the isolated protein in native form was measured by molecular size-exclusion chromatography ([@iev038-B2]) on a column of Sephadex G-75 (super fine; Sigma-Aldrich) (2.6 × 60 cm; void volume 318 ml), previously equilibrated with 0.5 M Na-acetate buffer, pH 6.5. The sample was applied onto the column and eluted at a flow rate of 2.6 ml/min. Marker proteins (Biolabs) used were as follows: BSA, 68 kDa; ovalbumin, 45 kDa; α-chymotrypsinogen, 25 kDa; cytochrome c, 12.5 kDa.

### Polyacrylamide Gel Electrophoresis

The purity and integrity of the isolated *S. gregaria* lysozyme were assessed by both native (10%) and denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) ([@iev038-B34]). The molecular weight of the protein was estimated with Gel-pro Analyzer software (version 4.5; Media Cybernetics, Inc., USA) against the protein molecular weight marker (Amresco). Lytic activity was detected directly in the gel by incubating 0.5 cm slices overnight at 4°C, of the gel area containing protein of interest, in 50 mM Na-acetate (pH 6.2) (assay buffer). Afterwards, incubated gel pieces were centrifuged at 12,000 × *g* for 5 min at 4°C and the lytic activity against *M. lysodeikticus* in lysoplates was measured.

### Isoelectric Focusing

Isoelectric focusing (IEF) ([@iev038-B56]) of the *Sg*l was performed for 1 h at 200 V, then 1.5 h at 400 V at 4°C with the electrode solutions 1 M phosphoric acid at the anode and 1 M sodium hydroxide at the cathode. The isoelectric point (pI) of the isolated *Sg*l was determined by running proteins (5 µg each) of known pI (IEF Mix 3.6-9.3, Sigma) in an IEF gel. The pI of the isolated *Sg*l was determined from a graph of relative mobility (R~m~) versus pI values of standard proteins. For this purpose, Gel-pro Analyzer software (version 4.5; Media Cybernetics, Inc.) was used.

### N-Terminal Amino Acid Sequencing

The isolated *Sg*l was run on 12% SDS-PAGE and transferred to grade polyvinyidene fluoride, PVDF, membrane (Bio-Rad, Tokyo, Japan). The transferred band was detected by staining with Coomassie blue R250 for a few seconds and washed with water. The stained protein band was excised and the N-terminal amino acid sequence of protein was determined by automated Edman degradation using an ABI Procise model 491 protein sequencer connected to an online ABI analyzer (Applied Biosystems, CA, USA).

### Preparation of Polyclonal Anti-*Sg*l Antibodies

Polyclonal antibodies against the isolated *Sg*l were raised in rabbits. An 0.5 ml aliquot containing 300 µg of the *Sg*l in phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~, 1.8 mM KH~2~PO~4~, pH 7.4) was added to 0.5 ml Freund's complete adjuvant (Sigma-Aldrich, MO, USA), mixed thoroughly and injected into the hypodermis of New Zealand White albino rabbits weighing 2.0--2.5 kg. Three booster injections were given at 2-wk intervals, using Freund's incomplete adjuvant. Blood samples were collected from the ear vein of rabbits 1 wk after the final injection. The blood was incubated for 1 h at room temperature, overnight at 4°C, and centrifuged at 10,000 × *g* for 30 min to remove coagulated blood cells. The supernatant was collected and stored in aliquots at −20°C until used.

### Double Immunodiffusion Assay

The specificity of the antiserum against the isolated *Sg*l was determined by using the double radial immunodiffusion technique as described by [@iev038-B49]. Briefly, antiserum and the isolated *Sg*l were loaded into individual wells made of a 1% agarose gel, 2 mm thick, in PBS containing 0.1 % sodium azide as preservative. Purified aliquots of *Sg*l were loaded in the peripheral wells and the central well contained the polyclonal antibody against *Sg*l (anti-*Sg*l serum). The gel was kept in a moist chamber until opaque precipitin lines between the antigen and the antiserum wells were observed. The gel was then soaked in a 0.1 M NaCl solution for 12 h to fix the immunoprecipitate; the diffused proteins were stained with COBB R-250, then photographed.

### Microbicidal Activity Assay (Sensitivity Tests) of *Sg*l

The microbicidal activity of the isolated *Sg*l was determined by the radial diffusion assay against *M. lysodeikticus* on agarose plates inoculated with this bacterial species as described before ([@iev038-B42]). The activity was recorded by measuring the diameter (mm) of the clearance zone after incubating the plates at 37°C for 24--48 h. Activity was obtained from a standard curve made with HEWL (Sigma-Aldrich, 40,000 units/mg) and expressed in μg/ml HEWL. In this study, one unit of lysozyme activity corresponds to ∼4 µg of HEWL. Microbicidal activity was determined by a modified Kirby--Bauer disc diffusion method ([@iev038-B4]). The standard methods M7-A3, M38-A, and M44-P were used for evaluating the susceptibilities of bacteria, filamentous fungi, and yeasts, respectively, to the isolated *Sg*l ([@iev038-B61]; [@iev038-B64], [@iev038-B65]). Plates were incubated at 37°C for 24 h for bacteria, at 25°C for 72 h for filamentous fungi, and at 33°C for 48 h for yeasts. Inhibition zones were expressed as diameter measured in millimeters (after subtracting the disk diameter). Tetracycline and amphotericin B, broad spectrum antibacterial and antifungal agents, respectively, were used as positive controls and PBS alone as a negative control.

Minimal inhibitory concentration (MIC) was determined by the agar dilution method ([@iev038-B63]). Briefly, stationary-phase cultures of *Staphylococcus aureus* and *Pseudomonas aeruginosa*, were prepared at 37°C and used to inoculate fresh 5.0 ml cultures to an OD~600~ of 0.05. Cultures (5.0 ml) were then incubated at 37°C until an optical density (OD) OD~600~ of 0.10 was achieved from which standardized bacterial suspensions were prepared to a final cell density of 6 × 10^6^ CFU/ml. Serial dilutions from the *Sg*l aliquots 0--32 μl/ml, were prepared, mixed with 5.0 ml of the standardized bacteria suspension, then added to the plates and incubated for 24 h at 37°C. The colony forming units (CFUs) were counted for each dilution.

The following test microorganisms were employed for investigating their sensitivities toward *Sg*l; the Gram-positive *Bacillus subtilis* (ATCC 6051), *B. thuringiensis* var. *kurstaki* (EG 2348) (purchased from Intrachem Bio Italia S.p.A, Italy), *Enterococcus faecalis* (ATCC 19433), *Micrococcus luteus* (ATCC 49732) (purchased from Biomerieux, Canada), and *St. aureus* (ATCC 12600); the Gram-negative *E. coli* (ATCC 11775), *Neisseria gonorrhoeae* (ATCC 19424), *P. aeruginosa* (ATCC 10145), and *Serratia marcescens* (EMCC 1247) \[obtained from the Microbiological Resource Center (MIRCEN), Faculty of Agriculture, Ain Shams University, Cairo, Egypt\]; the yeasts *Candida albicans* (ATCC 26555), *Candidatropicalis* (ATCC 750), and *Saccharomyces* *cerevisiae* (ATCC 2180-1 A); and the filamentous fungi *Aspergillus niger* (IMI 31276) and *Aspergillusflavus* (IMI 111023).

### Effects of pH, Temperature, and Divalent Cations on the *Sg*l Muramidase Activity

Effects of changes in pH and temperature on the activity of the isolated *Sg*l were measured by a turbidimetric standard assay ([@iev038-B57]) with slight modifications. The effect of pH of reaction media on the lytic activity of the *Sg*l (in triplicates) was examined in the following buffers at pH ranging from 4.0 to 10.0 in 0.5 pH units: 0.2 M sodium acetate buffer (pH 4.0 to 6.5), 0.2 M sodium phosphate buffer (pH 7 to 8.5), and 0.1 M Tris-HCl buffer (pH 9.0 to 10.0). A suspension of 0.1% (w/v) freeze-dried *M. lysodeikticus* (Sigma) in the corresponding buffer at each pH-level was used for the assay; 100 μl aliquots of the *Sg*l to be tested were added to 500 μl of bacterial suspension in corresponding buffer the reaction was stopped by placing the suspension into ice bath. Cleavage of the substrate was monitored spectrophotometrically at 450 nm after 30 min incubation at 37°C. A unit of lysozyme activity was defined as the quantity of enzyme that decreases the absorbance (A~450~) by 0.001/min under the specified conditions. The specific activity of the lysozyme in the samples is defined as units of activity divided by protein concentration (mg). Finally, the muramidase activity was calculated in relative units as percentage of the maximal activity.

For determination of the effect of temperature on lytic activity of the *Sg*l, 16 aliquots of the isolated lysozyme were mixed with 0.1% suspension (w/v) of freeze-dried *M. lysodeikticus* in 0.2 M Na-acetate buffer at pH 6.2. After incubation in a water bath for 10 min at different temperatures, ranging from 25 to 100°C, lytic activity of the samples was measured by the turbidimetric assay.

Effects of Ca^2+^ and Mg^2+^ on *Sg*l activity were determined by adding CaCl~2~ or MgCl~2~ at different concentrations to prepare a 0.1% suspension (w/v) of freeze-dried *M. lysodeikticus* in 0.2 M Na-acetate buffer at pH 6.2. CaCl~2~ or MgCl~2~ were added to the series of concentrations of 0.01--0.09 M. Control was prepared by omitting CaCl~2~ or MgCl~2~. The lytic activity, measured in triplicates, was calculated as the relative activities expressed in percentage in comparison with the 100% activity. Muramidase lytic activity of *Sg*l on *M. lysodeikticus* in 0.2 M Na-acetate buffer at pH 6.2 was taken to represent 100%.

### Kinetic Analysis

The maximal velocity (V~max~) and the Michaelis constant (K~m~) were estimated for the *Sg*l with lyophilized *M. lysodeikticus* as substrate. The substrate was re-suspended with different concentrations in 0.2 M Na-acetate buffer at pH 6.2 (the pH at which *Sg*l lytic activities have typically been measured). Assays were carried out in triplicate and lytic activity was measured as the decrease in turbidity at OD~450 nm~ during 30 min incubation at 37°C without shaking. Kinetic constants were estimated from linear regression of reciprocal rates (Lineweaver-Burk analysis) data with the program Enzfitter (Version 2.0; Biosoft, Ferguson, MO, USA).

### Assay of *Sg*l Chitinase Activity

Chitinase activity was measured ([@iev038-B48]) by determining the rate of degradation of colloidal chitin into GlcNAc. Colloidal chitin was prepared by washing chitin powder (Sigma) with 100 mM Na-acetate buffer, pH 5.5 (2 mg powder/ml buffer) to remove colored materials that would interfere with the assay. Briefly, 250 μl samples of *Sg*l and 500 μl of the substrate (0.5%) were added to 500 μl of 0.2 M sodium acetate buffer (pH 6). The mixture was incubated in a shaking water-bath at 37°C for 1 h. The reaction was stopped by the addition of 100 µl of 0.8 M boric acid, followed by boiling for 3 min at 100°C. After cooling and centrifugation at 10,000 g for 30 min, 300 µl of the clear supernatant were mixed with 500 μl of p-dimethyl-amino-benzaldehyde reagent and incubated for 20 min at 37°C. The absorbance of the mixture was measured at 585 nm. The change in absorbance is correlated with the GlcNAc concentrations.

### Assay of Inner Membrane Permeabilization by *Sg*l

Determination of the inner membrane permeabilization was performed by measuring the β-galactosidase activity of *E. coli* ML-35, a lactose permease-deficient strain with constitutive cytoplasmic β-galactosidase activity, using *o*-nitrophenyl-β-D galactopyranoside (ONPG) as substrate at 37°C ([@iev038-B59]). The β-galactosidase activity of the samples was assayed by tracing the production of *o*-nitrophenol from ONPG over time (1--4 h post incubation) that was monitored spectrophotometrically at 405 nm. An equivalent volume of sterile distilled water replaced the *Sg*l solution in the control assay, with HEWL (150 μg/ml) used as control.

### Prophenoloxidase (proPO) Activation and Phenoloxidase (PO) Activity

Phenoloxidase (PO) activity in plasma was assayed principally according to ([@iev038-B14]), in 10 mM Na-acetate buffer (SAB-Ca^2+^, pH 6.0). Calcium, supplied as CaCl~2~.2H~2~O, is crucial for activating the prophenoloxidase (proPO) system of *S. gregaria*. The β-1,3-glucans laminarin (Sigma) was used to *in vitro* activation of PO, and 0.1 mg/ml was added to plasma. Subsequently, L-dopamine \[4-(2-aminoethyl) benzene-1,2-diol\] (Sigma-Aldrich) was added as a substrate (2 mg/ml) in SAB. The dopachrome formation was determined spectrophometrically at OD~490~ nm, 30 min later. One enzyme activity unit was defined as the amount of enzyme which causes a change of 0.001 OD~490~ per minute. Specific activity was calculated in terms of units/mg total plasma protein determined by Bradford Assay.

To study the effect of *Sg*l on PO activity and proPO activation in plasma, method in ([@iev038-B54]) was employed with slight modifications. Briefly, 100 µl aliquots of native plasma were preactivated with 10 µg laminarin, each in 500 µl SAB-Ca^2+^ buffer in sterile eppendorf tubes at 25°C, and then incubated with 50 µg each of BSA, *Sg*l, HEWL for 30 min. The same conditions were repeated for a second group, in which native plasma aliquots were incubated without laminarin, with the proteins. Subsequently, 200 µl L-dopamine were added, and absorbance was monitored at 470 nm. Data from four replicas of each group were analyzed, and the significance of difference was determined.

### Statistical Analysis and Multiple Sequence Alignments

Statistical analysis was performed using SPSS software (version 15; SPSS, Chicago, IL, USA). Data are expressed as means ± SE. N-terminal sequence of *S. gregaria* lysozyme, *Sg*l, was compared with GeneBank database using the BLAST software from NCBI site: <http://www.ncbi.nlm.nih.gov/>. Multiple sequence alignments were done using the ClustalW2 program: [www.ebi.ac.uk/Tools/msa/clustalw2/](http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Results and Discussion
======================

### Lysozyme Isolation, Molecular Mass, and pI

A protein with high lytic activity against *M. lysodeikticus* was isolated from the plasma of *E. coli* immunized fifth instar *S. gregaria*, by a combination of (NH~4~)~2~SO~4~ fractionation at a 60% saturation and ion-exchange chromatography on CM-Sepharose column ([Fig. 1](#iev038-F1){ref-type="fig"}). Fifty-nine percentage of the lytic protein activity from the crude plasma content was recovered in the isolated fractions and yielded ca 126-fold increase in specific activity, than that of the crude plasma, as revealed by the radial diffusion assay ([Table 1](#iev038-T1){ref-type="table"}). Fig. 1.Purification of lysozyme from plasma of fifth instar *Schistocerca gregaria* with cation-exchange chromatography on CM-Sepharose Fast Flow ion-exchange column. Proteins obtained with 60% (NH~4~)~2~SO~4~ saturation of hemolymph fifth instars *S. gregaria* immunized with pricking by a thin needle previously dipped into a concentrated pellet (2 × 10^8^ cells/ml) of *Escherichia coli* were applied to column (20 × 2 cm) equilibrated with 0.5 M Na-acetate (pH 6.5) buffer. Elution was carried out with a gradient of 0.5--3.0 M of the same buffer at a flow rate of 1 ml/min (------, A~280~;........, Na-acetate concentration; ○- - - -○, anti-*Micrococcus lysodeikticus* activity). Five microliter of the fraction samples were used for the inhibition zone assay. Active fractions (anti-*M. lysodeikticus* fractions), tubes 31--39, were pooled, desalted, lyophilized, and stored at −20°C for further use. Table 1Purification of *Schistocerca gregaria* lysozyme (*Sg*l)StepVolume (ml)Total activity (U)Total protein (mg)Specific activity (U/mg protein)Yield (%)Purification factorCrude plasma40384,000500768100--(NH~4~)~2~SO~4~ fractionation25225,0001971142591.5CM-Sepharose ion-exchange chromatography40.5165,2401.7972007485

The electrophoretic profile, under denaturating conditions, of whole plasma proteins and 60%-saturated-(NH~4~)~2~SO~4~ fraction protein is shown in [Fig. 2](#iev038-F2){ref-type="fig"}A-1. Fractions with lytic activity were eluted from the cation-exchange column; and only one distinct peak (fractions 31--39) was indicated to exhibit strong lytic activity against *M. lysodeikticus* which was assayed separately for each fraction ([Fig. 2](#iev038-F2){ref-type="fig"}A-2). The homogeneity of the isolated protein was monitored on SDS-PAGE ([Fig. 2](#iev038-F2){ref-type="fig"}A-2). Each fraction exhibited only a single band with the same molecular weight; indicating that, they are homogenous fractions. The molecular weight of each band is consistent with the corresponding band from the crude whole plasma ([Fig. 2](#iev038-F2){ref-type="fig"}A-1). Accordingly, the fractions exhibiting lytic activity from the cation-exchange column were collected into a single pool, and designated as isolated *Sg*l. Fig. 2.Electrophoresis. (**A**) SDS/PAGE (12%), under reducing condition, of fractions obtained during purification of the *Sg*l. Samples were taken of each step during the purification and electrophoresed. The following samples were separated: (**A-1**) Lane 1, AMRESCO mid molecular weight standards; lane 2, crude hemolymph; lane 3, the salted out proteins from 60% (NH~4~)~2~SO~4~ saturation. (**A-2**) Lane 1, mid molecular weight standards; Lanes 2--10, pooled active fractions from CM-Sepharose Fast Flow column. (**B**) SDS-PAGE, 12%, under reducing conditions. Lane 1, marker proteins; lane 2, the isolated *Sg*l. The molecular mass of *Sg*l under reducing conditions was estimated to be 15.7 kDa. (**C**) Native PAGE, 10% acrylamide, of the isolated *Sg*l. (**D**) Native IEF/PAGE patterns (pH range 3-10), 10%, of the isolated *Sg*l. The pH gradient was obtained with a mixture containing 4% (v/v) ampholytes 3-10 (Sigma Ampholyte high resolution). Lane 1, IEF Mix 3.6-9.3, Sigma; lane 2, the isolated *Sg*l. Proteins in the gels were stained with COBB R-250.

For further confirmation, the isolated *Sg*l was run on 12% SDS-PAGE ([Fig. 2](#iev038-F2){ref-type="fig"}B) and appeared as a single protein band of ∼15.7 kDa, suggesting that *Sg*l is represented by single protein subunit. In addition, when *Sg*l was separated on 10% native PAGE several times under the same conditions ([Fig. 2](#iev038-F2){ref-type="fig"}C), it displayed as a single protein band of an R~m~ of 0.63. This reveals that the *Sg*l was isolated to homogeneity, established by its single identity.

The results of IEF showed that *Sg*l has a pI of 9.3, and migrated to near the end of the basic region of the gel ([Fig. 2](#iev038-F2){ref-type="fig"}D). This basic pI value of *Sg*l (\>9) is comparable to pI of lysozymes of *H. cecropia* ([@iev038-B21]), *He. virescens* ([@iev038-B41]), and *Helicoverpazea* ([@iev038-B40]). These values are also comparable to those values of lysozymes reported from chicken egg white and typical basic lysozymes ([@iev038-B33], [@iev038-B29], [@iev038-B32]). This high pI values is typical for most lysozymes which were reported to usually be basic proteins ([@iev038-B28]).

The molecular weight of the isolated *Sg*l was further estimated by gel filtration on Sephadex G-75 column ([Fig. 3](#iev038-F3){ref-type="fig"}) and was calculated to be 15.7 kDa, which is similar to its detected size on SDS-PAGE. The molecular weight of the *Sg*l is comparable with that of other orthopterans; i.e. 16.5 kDa in *Locusta migratoria* ([@iev038-B69]) and 15.4, 15 kDa for lysozyme I and II, respectively, in *Gryllus bimaculatus* ([@iev038-B57]). It is also comparable with that of certain lepidopterans, i.e. 16.5 kDa in *B. mori* ([@iev038-B52]), 15.3 kDa in both *Galleriamellonella* and *S. littorals* ([@iev038-B27]), and 16 kDa in *He. virescens* ([@iev038-B41]). This range is also comparable to that, 14.4 kDa, of the HEWL ([@iev038-B28]). Fig. 3.Estimation of *Sg*l molecular weight by gel filtration on Sephadex G-75 column. A column (2.6 × 60 cm, void volume 318 ml) was equilibrated with 0.5 M Na-acetate buffer, pH 6.5; then calibrated with a set of marker proteins at 25°C and a regression correlation between elution volume and the logarithm of the molecular weight of each marker protein was made. The *Sg*l and marker proteins were eluted at a flow rate of 2.6 ml/min. Marker proteins, inset of figure, (Biolabs) were used. Mr, relative molecular weight.

Though lysozymes have been reported in a quite number of insect species, only a few attempts at isolation have been made. For orthopterans other than *S. gregaria*, isolation and characterization of lysozymes from hemolymph have been previously reported from *L. migratoria* ([@iev038-B69]) and *Gr. bimaculatus* ([@iev038-B57]). In other insects, particularly Lepidoptera, lysozymes were isolated and studied, e.g. *G. mellonella* ([@iev038-B52], [@iev038-B68]), *B.mori* ([@iev038-B1]), *He. virescens* ([@iev038-B41]), *Ar.rapae* ([@iev038-B67]), *Hy. cunea* ([@iev038-B51]), *S. cynthia ricini* ([@iev038-B18]), *Agrius convolvuli* ([@iev038-B68]), *S. litura* ([@iev038-B31]), *O.furnacalis* ([@iev038-B66]), and *Sp. frugiperda* ([@iev038-B10]).

### Immunological Identity of the *Sg*l

The specificity of the polyclonal antiserum raised against the *Sg*l was determined by double radial immunodiffusion. The latter was performed with two aliquots of the *Sg*l that were loaded in peripheral wells and the polyclonal antibody against the *Sg*l (anti-*Sg*l serum) were loaded in a central well as shown in [Fig. 4](#iev038-F4){ref-type="fig"}. The results show that antiserum produced a single precipitin arc with the isolated *Sg*l (i.e. genuine pattern of complete antigenic identity). This is a confirmation for the specificity of the antiserum directed against the *Sg*l; i.e. the antiserum has specifically recognized the purified *Sg*l. Fig. 4.Ouchterlony double immunodiffusion showing cross-reactivity of *Sg*l antiserum with the purified *Sg*l. Center well (anti-*Sg*l) containing *Sg*l antiserum. Upper peripheral wells, *Sg*l, containing purified *Sg*l. *Sg*l and anti-*Sg*l were stained with COBB.

### N-Terminal Amino Acid Sequence

The N-terminal amino acid sequencing of the isolated *S. gregaria* plasma lysozyme, *Sg*l, by automated Edman degradation identified 47 amino acid residues (i.e. KLQRCEIVSALKRHGITSDLRNWVCL V E S E S G G R T D K R G P R N K N G S Y). The obtained sequence ([Fig. 5](#iev038-F5){ref-type="fig"}) showed homology with N-terminal sequence of the c-type lysozymes of *L. migratoria* (GenBank accession number: AHE76131), *G. mellonella* (P82174), *Ma. sexta* (AAB31190), *Triatoma brasiliensis* (AAU04569), *Gallus gallus* (HEWL) (AAA48943; [@iev038-B50]) with 91, 61, 57, 51, 43% identity, respectively. However, no similarity was found between the N-terminal amino acid sequence of the isolated *Sg*l and the N-terminal amino acid sequences of the other purified i-type: *Nilaparvata lugens* (AGK40910) ([@iev038-B3]) and g-type: *Azumapecten farreri* (AGA95494) ([@iev038-B38]) lysozymes. These obtained results suggest that *S. gregaria* isolated antibacterial protein might be of a c-type lysozyme. Fig. 5.N-terminal amino acid sequence of the isolated *S. gregaria* lysozyme (*Sg*l) aligned with some c-, i-, and g- type lysozymes. Accession numbers are as follows: c-type: *Locusta migratoria* (AHE76131); *Galleria mellonella* (P82174); *Manduca sexta* (AAB31190); *Triatoma brasiliensis* (AAU04569), *G. gallus* (HEWL) (AAA48943); g-type: *Azumapecten farreri* (AGA95494); i-type: *Nilaparvata lugens* (AGK40910). Similar amino acids are marked with a dot (.).

### Microbicidal Activity of the *Sg*l

The results show that isolated *Sg*l has antibacterial activities against both Gram-positive and Gram-negative bacteria ([Table 2](#iev038-T2){ref-type="table"}). The activity against the tested bacteria is comparatively higher than that of HEWL; it may reach 1.5 and 4 times in the two groups, respectively. Table 2Antimicrobial activities of purified *Sg*l against different bacteria, yeasts, and filamentous fungiMicroorganismInhibition zone diameter (mm/sample)\*StandardSample†Tetracycline‡Amphotericin B*Sg*lHEWLGram-positive bacteria *Bacillus subtilis* (ATCC 6051)\*23--119 *Bacillus thuringiensis* var. *kurstaki* (EG 2348)21--32 *Enterococcus faecalis* (ATCC 19433)22--129 *Micrococcus luteus* (ATCC 49732)24--1310 *Staphylococcus aureus* (ATCC 12600)24--1814Gram-negative bacteria *Escherichia coli* (ATCC 11775)24--125 *Neisseria gonorrhoeae* (ATCC 19424)23--82 *Pseudomonas aeruginosa* (ATCC 10145)24--156 *Serratia marcescens* (EMCC 1247)22--2--veYeasts *Candida albicans* (ATCC 26555)--13--ve--ve *Candida tropicalis* (ATCC 750)--144--ve *Saccharomyces cerevisiae* (ATCC 2180-1 A)--11--ve--veFilamentous fungi *Aspergillus niger* (IMI 31276)--9--ve--ve *Aspergillus flavus* (IMI 111023)--10--ve--ve[^2]

It was observed that a limited growth inhibition of the *Sg*l was detected against the Gram-positive bacterium *B. thuringiensis* or against the Gram-negative bacterium *Se. marcescens* even at the maximum concentration tested (10 μl of 250 µg/ml; [Table 2](#iev038-T2){ref-type="table"}). Therefore, these bacteria are highly resistant to the *Sg*l action. Furthermore, the MIC of the *Sg*l against the most sensitive Gram-positive and Gram-negative tested bacteria *St. aureus* and *P. aeruginosa* has been assessed through radial diffusion assay and was observed to correspond to 1 and 2 μg/ml, respectively. The resistance of both Gram-positive and Gram-negative bacteria to microbicidal peptides and proteins, including lysozymes, was reported to involve secretion of impeding factors to these substances; these factors are mostly peptidases that hydrolyze these proteinaceous substances ([@iev038-B16]). This was reported in the Gram-positive bacteria *B. thuringiensis* ([@iev038-B20], [@iev038-B12], [@iev038-B6], [@iev038-B6]) and the Gram-negative bacteria *Se. marcescens* ([@iev038-B60], [@iev038-B43]).

So far, for the antibacterial activity against Gram-negative bacteria, among the known isolated lysozymes, five lysozymes have been reported to display this activity. These are the lysozymes isolated from the lepidopterans *B. mori*, *G. mellonella*, *Ag. convolvuli*, *Sp. frugiperda*, and *O. furnacalis* ([@iev038-B1], [@iev038-B61], [@iev038-B68], [@iev038-B10]). As far as we know, the *Sg*l that isolated from the fifth instar *S. gregaria*, as a hemimetabolous insect, is the first immune-lysozyme displaying such property from an insect outside Lepidoptera.

Interestingly, the isolated *Sg*l displays antifungal activity, demonstrated through lytic activity against the yeast *C. tropicalis*, but it has no such activity against the other tested yeast *C. albicans* and the filamentous fungus *A. niger* ([Table 2](#iev038-T2){ref-type="table"}). This observed antifungal activity for a lysozyme was also reported by other authors ([@iev038-B19]).

### Enzymatic and Nonenzymatic Activities of the *Sg*l

The degradation of PGN of the bacterial cell wall by the muramidase activity of lysozyme leads to rapid killing of Gram-positive bacteria ([@iev038-B47], [@iev038-B46]). Consequently, lysozymes are generally believed to be more active against Gram-positive bacteria because their cell walls are largely made of PGN (∼90%) that forms an exposed external layer of the cell wall ([@iev038-B47]). However, this mechanism cannot account for the bactericidal activity of *Sg*l against Gram-negative bacteria because the PGN layer of the cell wall is covered by an outer membrane with subjected surface molecules of lipopolysaccharide (LPS) ([@iev038-B5]). This membrane constitutes a permeability barrier. Therefore, other mechanisms of action were proposed, with growing evidences that the activity of lysozymes against Gram-negative bacteria include both enzymatic and nonenzymatic activity ([@iev038-B46]). These activities were tested for the *Sg*l; the enzymatic activity was measured as a muramidase activity, and the nonenzymatic one was tested as membrane permeabilization.

### Muramidase Activity and the Effect of pH and Temperature, and the Divalent Cations

The muramidase activity of *Sg*l catalyzing hydrolysis of the β-1,4-linkage between MurNAc and GlcNAc of the PGN was assayed by measuring the decrease in turbidity (OD~450 nm~) of suspensions of dried *M. lysodeikticus* cells. It was found to be maximal at the slightly acidic conditions, at pH 6.2 ([Fig. 6](#iev038-F6){ref-type="fig"}A). This slightly acidic optimum pH is comparable to lysozymes from *G. mellonella* and *B. mori* ([@iev038-B52]), *H. cecropia* ([@iev038-B21]), *L. migratoria* ([@iev038-B69]), *Gr. bimaculatus* ([@iev038-B57]), *Hy. cunea* ([@iev038-B51]), *S. cynthia ricini* ([@iev038-B18]), which all have pH optima of mildly to slightly acidic values (5.0 and 6.4). The *Sg*l activity was also observed to increase with elevating temperature, reaching a maximum and fairly constant level at the temperature range 30--50°C, then after starts to decline afterward ([Fig. 6](#iev038-F6){ref-type="fig"}B). The decline reaches ∼75% of the original value at 65°C, and up to 90% at 80--100°C. The stability of *Sg*l at high temperatures is in agreement with those of other insect lysozymes. This relative thermal stability at elevated temperature is variable between insects, but most of them show relative activities of 20--50% at 100°C ([@iev038-B67]) and this is also a characteristic of all c-type lysozymes ([@iev038-B28]). In this context, the effect of temperature on lysozyme activity has been found to be correlated to the pH and concentration of the protein ([@iev038-B37]). The similarity of the general shape of the presented activity curve compared with those of the lysozymes from *G. mellonella* and *B. mori* ([@iev038-B52], [@iev038-B13]), *H. cecropia* ([@iev038-B21]), and *Hy. cunea* ([@iev038-B51]) show a close resemblance of the tested physicochemical properties of the *Sg*l to those of lysozymes of these insects. Fig. 6.(**A**) Effect of pH on the lytic activity of the *Sg*l. The buffers used were 0.2 M sodium acetate (pH 4.0 to 6.5), 0.2 M sodium phosphate (pH 7 to 8.5), and 0.1 M Tris-HCl (pH 9.0 to 10.0). The muramidase activity of lysozyme samples was tested using a turbidimetric standard assay against *M. lysodeikticus*. Lysozyme activity was shown as percentage of the highest activity. (**B**) Heat stability of the isolated *Sg*l. Lysozyme aliquots were adjusted to pH 6.2, placed at the indicated temperatures for 10 min, and tested for lytic activity using a turbidimetric standard assay against *M. lysodeikticus*. Aliquots were removed at the different temperatures and assayed for lysozyme activity which is shown as percentage of the highest activity. Data represent the mean of three replicates. (**C**) Effects of the divalent cations Ca^2+^ and Mg^2+^ on the lytic, muramidase, activity of the *Sg*l at ionic strength 0.1. The ionic strength was regulated with NaCl. Effects were observed by measuring the activity of lysozyme in 0.1 M sodium acetate buffer at pH 6.2 supplemented with CaCl~2~ or MgCl~2~. The 100% activity represents a specific lysozyme activity of U/mg protein in 0.1 M sodium acetate buffer at pH 6.2. Lysozyme activity was shown as percentage of the lowest activity.

The presented results show also that the muramidase activity of the *Sg*l increases steadily as the divalent cation concentration was increased from 0 to 0.05 M, reaching a maximum, whether Ca^2+^ or Mg^2+^ was added ([Fig. 6](#iev038-F6){ref-type="fig"}C). It was also observed that this activity was increased by 150--200% in Ca^2+^-containing buffers relative to its activity in control-reference (without divalent cation addition); whereas in MgCl~2~-containing buffers, it was relatively increased by 130--180%. However, the activity has been decreased from this maximum value with the further increment of concentrations of the divalent cations above 0.05 M. In this respect, it was reported ([@iev038-B23], [@iev038-B13]) that Ca^2+^ is effective on the conformational stability and folding of the calcium-binding lysozymes. The K~m~ and V~max~ of the *Sg*l (as determined by Michaelis-Menten plot of 1/V against 1/\[S\], using the freeze-dried *M. lysodeikticus* as a substrate) in comparison to that of the HEWL is shown in [Fig. 7](#iev038-F7){ref-type="fig"}A. Fig. 7.(**A**) Determination of Michaelis-Menten constant (K~m~) of the muramidase activity of the *Sg*l and HEWL (as a standard reference) by Lineweaver-Burk plot. Enzymatic assay (turbidemetric standard assay) was carried out in 0.2 M sodium acetate buffer, pH 6.2 at 37°C. *M. lysodeikticus* was used as substrate. *S* is expressed in mg/ml. Each point is the mean of three replicates. K~m~ was calculated from the reciprocal of the x intercept and measured as OD/mg protein/30 min at 450 nm. (**B**) Determination of Michaelis-Menten constant (K~m~) of chitinase activity (at pH 6.0) of the isolated *Sg*l and HEWL. K~m~ was determined by Lineweaver-Burk plot, (S is expressed in mg/ml), using colloidal chitin as a substrate and measured as OD/mg protein/h at 585 nm.

### Chitinase Activity

The *Sg*l and HEWL have a chitinase activity; the K~m~ value using colloidal chitin substrate is lower than of the HEWL ([Fig. 7](#iev038-F7){ref-type="fig"}B), i.e. it has more affinity for this substrate. Some lysozymes have a considerable chitinase activity; for instance, HEWL hydrolyze chitin with ∼50% of its efficiency to hydrolyze PGN ([@iev038-B44]). The displayed chitinase activity of *Sg*l on pure chitin, however, does not explain its antifungal activity against chitin-containing cell wall of the yeast *C. tropicalis* ([Table 2](#iev038-T2){ref-type="table"}). This is because it has no such activity against both the other tested yeast *C. albicans* and the filamentous fungus *A. niger* ([Table 2](#iev038-T2){ref-type="table"}). The muramidase and chitinase activities of lysozyme are glycosidic hydrolases. The first catalyze hydrolysis of the β-1,4-glycosidic bonds of alternating copolymers of MurNAc and GlcNAc of PGN, and the second hydrolyzes the β-1,4 link of the homopolymer of GlcNAc of chitin.

### Membrane Permeabilizability (Nonenzymatic Bactericidal Activity) of *Sg*l

Antibacterial nonenzymatic activity of the *Sg*l against both Gram-negative and Gram-positive bacteria was determined in the present work. This was supposed to be through disruption of functions of the inner membrane by their permeabilization and pore formation in, and disintegration of, this membrane that could result in lethal events. Monitoring of the permeabilization of the inner membrane due to pore formation by the *Sg*l was accomplished by observing release of the intracellular β-galactosidase molecules from a lactose-permease deficient *E. coli* ML-35 p into an incubation medium containing the *Sg*l and o-nitrophenyl-β-D-galactopyranoside, the specific substrate β-galactosidase. The obtained results ([Fig. 8](#iev038-F8){ref-type="fig"}) show that the activity of the β-galactosidase which released from these bacteria into the surrounding medium increases with the time, reaching a maximum after 3 h, then became constant. This implies that *Sg*l has crossed the outer membrane of the Gram-negative bacteria, then hydrolyzed the PGN layer, and reached the vicinity of the inner membrane where it causes its poration releasing the internal β-galactosidase to outside. Fig. 8.Kinetics of permeabilization of the inner membrane (in parallel to antibacterial activity) by the *Sg*l against *E. coli* ML-35 p. The release of β-galactosidase from the lactose permease-deficient *E. coli* ML-35 p under the effect of the *Sg*l in an incubation medium and monitored by tracing the production of *o*-nitrophenol over time (1, 2, 3, and 4 h post incubation) from the specific substrate *o*-nitrophenyl-β-D-galactopyranoside. The absorbance (which is proportional to the β-galactosidase activity) was plotted against the incubation time. Values shown represent the mean of three experiments. In the control, an equivalent volume of sterile ddw replaced the *Sg*l solution. HEWL was used as a standard reference.

### Role of *Sg*l in Regulation of proPO Activation

In a trial to elucidate any possible interaction between the *Sg*l and the proPO and/or PO of the fifth instar *S. gregaria*, simple *in vitro* experiments concerning the *Sg*l in comparison to the HEWL and other proteins were conducted. The obtained results show that the *Sg*l and HEWL greatly inhibit (up to ∼ 60 %) of the proPO activation in plasma of the native (unimmunized) fifth instar *S. gregaria*; but do not inhibit PO activity (preactivated by laminarin) in native plasma ([Fig. 9](#iev038-F9){ref-type="fig"}). This may indicate that *Sg*l plays a probable regulatory role in the proPO cascade activation. In this respect, *Ma. sexta* lysozyme was observed to inhibit proPO activation by preventing its conversion to PO, possibly via direct protein interaction between these proteins, and probably also by degradation of certain regulatory proteins ([@iev038-B54]). Fig. 9.The effect of *Sg*l on activity of prophenoloxidase and phenoloxidase (PO) in plasma. Aliquots of preactivated plasma, using laminarin, were incubated with the *Sg*l purified from plasma, HWEL, BSA, or PBS. L-dopamine substrate was added to each sample and PO activity was monitored after certain intervals of time at 470 nm for 30 min. The bars represent the SE of mean of four replicates.

In insects, activation of the proPO cascade (as well as induction of expression of antimicrobial peptides, including lysozymes) is an important component of the humoral immune defense responses ([@iev038-B36], [@iev038-B24], [@iev038-B30]). This activation can be positively and negatively regulated and modulated by different factors, including serine peptidases and their homologs and inhibitors ([@iev038-B70], [@iev038-B11]), C-type lectins and some other proteins ([@iev038-B39]). It can also be triggered by microbial cell wall components including PGNs ([@iev038-B35]; [@iev038-B25], [@iev038-B26]). In particular, the soluble fragments of lysozyme-mediated partial digestion of lys-type PGN represent a potent activator to proPO cascade through their formation of a complex by clustering with certain proteins, including its recognition protein, which leads to activation of proPO cascade ([@iev038-B14]). In certain holometabolous insects, this inhibition phenomenon was observed, and a trade-off phenomenon between lysozyme activity and PO activity has been assumed ([@iev038-B54]). For this phenomenon, it was suggested ([@iev038-B54]) that insects can select effective immune mechanisms against variable pathogens; the selected mechanisms depend upon the nature of each pathogen.

Conclusions
===========

This is the first report on the isolation and characterization of a c-type lysozyme from the plasma of the hemimetabolous insect *S. gregaria* retaining 126-fold increase in specific activity of the crude plasma lysozyme against *M. lysodeikticus*. The antibacterial (Gram-positive and Gram-negative) and antifungal mechanisms of action were elucidated. Future identification of the lysozyme gene and characterization of its expression will assist in identifying the protein function in the *S. gregaria*. The *Sg*l might not only be valuable as a model for understanding the immune response mechanism but also useful for future therapeutic purposes.
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[^1]: Subject Editor: Phyllis Weintraub

[^2]: The antimicrobial spectra of purified *Sg*l were tested by radial diffusion assay (disc diffusion method). Positive control: ^†^tetracyclin (antibacterial agent) and ^‡^amphotericin b (antifungal agent), negative control: sterile double distilled water. Each data record represents the mean of triplicates (*n* = 3). ^\*^Full diameter of clear inhibition zones expressed in millimeters, after subtracting the disk diameter.
